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Abstract: In recent decades, the human demand for mineral resources has increased dramatically,
and the mining of shallow deposits has basically been completed. The prospecting direction has
turned to concealed deposits. For this reason, various penetrating geochemical methods have been
developed to find concealed minerals and a series of geochemical exploration techniques have been
proposed. At the same time, the use of the geochemical gene as a new technique presented in recent
years is feasible in discussing component classification and provenance tracing. In this study, we
applied these methods for mineral exploration in the Jiaojia gold deposit in Shandong Province,
China. The results show that a large number of ore-forming element particles can be observed in ores,
fault muds, and soils; compared with Chinese soil, Au has higher enrichment coefficients; according
to the LG03 lithogene, the ores belong to a neutral composition, and the fault muds and soils belong
to an acidic composition. Based on the above results, it can be found that the ore-forming elements in
the Jiaojia gold deposit have migrated. Although this migration cannot change the original lithology,
it can provide theoretical support for the fine-grained soil-prospecting method.

Keywords: Shandong Jiaojia gold deposit; metal nanoparticles; migration mechanism; LG03 lithogene

1. Introduction

As discoveries of world-class mineral deposits continue to decline, shallow deposits
are no longer enough to meet the daily needs of human beings [1], and people turn their at-
tention to the deep formation and pay more and more attention to geochemical exploration
technology specially designed for the terrain covered by thick regolith. These techniques
include: partial extraction, geogas analysis, electrogeochemistry, biogeochemistry, hydro-
chemistry, and soil fine particle separation [2–15]. Among the numerous geochemical
exploration techniques, soil fine particle separation is an important method with which to
find concealed deposits in thickly covered terrain. It is thought that this method mainly
believes that in the process of the upward migration of elements from deep minerals,
earth gas can carry ultra-fine particles containing metals or metal elements in the form of
tiny bubbles or microflows to migrate upward and reach the surface, so the faults above
the deep concealed minerals, fault muds, and topsoil contain metallic elements that can
reflect anomalies in deep ore bodies. The best way to test this theory is to find ultrafine
metal-bearing particles in soils and fault muds that must have come from deep ore bodies.
After years of research, metal-bearing ultrafine particles from nanoscale studies have been
widely used in soils and fault muds of different types of concealed minerals [7,10,16,17].
Zhang et al. [1] observed the existence of metallogenic metal nanoparticles in the soils and
fault muds of the Shenjiayao gold deposit; Han et al. [18] observed mineralization in the
ore rocks, fault muds, and soils of the Shanggong gold deposit in Henan, with the presence
of metal nanoparticles. Often, the only source of anomalies in fault zones and surface soils
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surrounding a mine is the deep ore body. In order to explain the formation mechanism of
the anomaly, the key is to determine the occurrence state and genesis of the ore-forming
elements in the fault zone above the concealed mineral deposits and in the soil.

The geochemical gene is a new developing concept recently proposed in the identifi-
cation and traceability of geological materials [19,20]. The term “gene” has been adopted
in geochemistry from biology for two decades by Xuejin Xie and Xueqiu Wang [21] who
proposed that the element is the gene of the earth and the geochemical map is the gene
map of the earth surface. This is the “embryo” concept of the geochemical gene. Another
term related to genes is the “gene-profile curve of geochemical elements” presented by
Zhang et al. (2015, 2016) [22,23] in geochemistry which is like the REE pattern or spider
diagram without gene properties [24]. Therefore, this idea can be viewed as the “fetal” stage
of the geochemical gene concept. Although those primitive ideas were inspiring, the geo-
chemical gene with tangible properties such as codes, heredity, inheritance, variability, and
similarity has been proposed only recently [24–26]. The quantitatively defined geochem-
ical gene was firstly presented by Yan et al. (2018) with an illustration on a geochemical
lithogene [25]. It is proposed firstly as a lithogene named LG02 [25], and then followed by
lithogenes called LG01 [26] and LG03 [27], gold metallogene (MGAu) [24], tungsten metal-
logene (MGW) [28], and tungsten metallogene (MGW11) [29], and REE (rare earth element)
genes called REEG01 and REEG02 [26]. Therefore, there are a total of eight geochemical
genes reported now, which were introduced and reviewed by Gong et al. (2022) [19] and
the lithogene named MGW11 was introduced by Li et al. (2023) [29] recently.

These genes all have different codes and can represent the heritance, inheritance,
variability, and similarity of different samples. According to the 39 elements or oxides
analyzed by the RGNR project [30] and the NMPRGS project [31] in China, the geochemical
gene is constructed in five steps.

The first step is to select elements. Generally, 11 kinds of fixed elements and indicator
elements that can represent different characteristics are selected. The second step is to
determine the reference value. According to the purpose of different genes, we select
different data to standardize the data. For example, the element abundances of the upper
continental crust (UCC) and acidic rocks and basic rocks compiled by Chi Qinghua and
Yan Mingcai are selected for data standardization. The third step is to draw and code gene
lines. The spectral line of the gene is like a spider map on the normalized value of the initial
sequence. The length of the gene code is set to 11 because 11 elements are selected. The
first digit of the code is set to 1, and then the next digit will be 0, 1, or 2 according to the
decrease, stability, or rise of the next normalized value on the spectral line. We use the 0.1
logarithmic unit (base 10) value to evaluate the difference between two adjacent elements
on the log-normalized value, marked as ∆, calculated as

∆i = lg(Ci)N − lg(Ci − 1)N (1)

where i is the sequence number from 2 to 11 of the elements in the spectral line, and the
subscript N represents the normalized value. In addition to the first number set to 1,
another number in the code is labeled gi and set as

gi =


2, ∆i > 0.1
1, −0.1 ≤ ∆i < 0.1
0, ∆i < −0.1

(2)

where i is from 2 to 11, and the value of gi in gene coding is only 0, 1, or 2. According to
the coding method, the gene of one sample can be 11011020011, and the gene of the other
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sample can be 12210202120. How to evaluate the similarity between two genes is the fourth
step in constructing geochemical genes. The similarity of gi is marked as Ri and set as

Ri =


1, Values of gi ar the same

0.5, Values of gi are similar (1 and 0, or 1 and 2)
0, Values of gi are different (2 and 0, or 0 and 2)

(3)

Then, the similarity between the two genes is labeled as R and calculated as

R =
∑n

i=2 Rgi

n − 1
× 100% (4)

where n is 11 and the value of R is limited between 0% and 100%. For example, the similarity
between Gene A and Gene B is calculated as

Gene A: 1 1 0 1 1 0 2 0 0 1 1

Gene B: 1 2 2 1 0 2 0 2 1 2 0

Rgi : 0.5 0 1 0.5 0 0 0 0.5 0.5 0.5

R =
0.5 + 0 + 1 + 0.5 + 0 + 0 + 0 + 0.5 + 0.5 + 0.5

10
× 100% = 35%

The last step in constructing geochemical genes is to adjust the sequence of elements
in the spectral lines. According to the different research objects of genes, the most obvious
differentiation can be achieved by adjusting the sequence of elements. For example, the
element sequence of the lithogene LG03 is to effectively distinguish acidic rock and basic
rock to maximize their genetic similarity. By repeatedly adjusting the initial element
sequence in step 3, the positions of Ni and Cr are exchanged, and then the positions of V
and Cr are exchanged to form the final sequence.

With respect to the lithogenes LG01 and LG03, the gene properties of their heredity
and inheritance have been tested on many weathering profiles developed over different
lithological rocks in different climate zones in China [26,27,32] according to the similar
gene criterion of ≥80% on gene similarity by Yan et al. (2018) [25]. Their application
in classifying geological materials is useful and suitable for fresh and altered rocks and
weathered products such as fresh rocks, sediments, and soils [20].

In this paper, TEM was used to observed the ores, fault muds, and soils in the Jiaojia
gold deposit, Shandong Province. Then, the element content of the samples were ana-
lyzed to determine the enrichment degree of different elements in the study area and
the lithogenes such as LG01 and LG03 were used to determine the lithology of the dif-
ferent samples which provided theoretical support for the migration of elements in soil
fine-grained exploration.

2. Regional Settings

The Jiaojia gold deposit is located in the Jiao-xin metallogenic belt in the east and west
of Jiaojiao, including the Jiaojia, Wangershan, Matang, and other gold deposits. The Jiaojia
gold deposit is a super-large gold deposit, and the overall type of the deposit is the trunk
fault of Jiaojia (Figure 1). The Jiaojia-type altered gold deposit is controlled by the fractured
alteration zone within its secondary Wangershan branch fault. The main strike of the fault
in this area is NNE-NE, and the strike of the ore body is the same as the main strike. The
Jiaojia gold deposit is exposed as Neoarchean gabbro on the side of the Jiaojia trunk fault,
and on the east side of the fault is the Linglong sheet of biotite monzogranite. There are
also diorite porphyrite, diabase porphyry, lamprophyre, and other rocks in the area. The
main ore minerals are gold and silver ore, pyrite, siderite, chalcopyrite, galena, sphalerite,
and mirror iron ore. Gangue minerals are mainly quartz, sericite, feldspar, and calcite.
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The bedrock in the study area is covered by the Quaternary system composed of loose
sediments such as gray-brown clay and sandy clay, with a thickness of about 2–40 m [33].
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dried at 80 °C for 1 h, and sieved to ≤76 μm under the crusher. About 100 g of the fault 
muds were then dispersed using an electromagnetic vibrating micrometer shaker, which 
was connected to a concentrator and an air extractor (soil fine particle separation device) 
(Figure 2). The concentrator contains a 0.45 μm microporous filter membrane and six car-
bon-coated aluminum TEM (transmission microscope) grid slots, which are used to collect 
the oscillated nanoparticles. The shaker was turned on for 3 min to adsorb the appropriate 
amounts of nanoparticles on the aluminum grid, and then the six carbon-coated alumi-
num TEM (transmission microscope) grids in the concentrator were removed using twee-
zers and placed in a box for analysis. For the treatment of the fault mud and ore samples, 
the samples were ground to ≤76 μm using a ceramic grinder and the nanoparticles were 
separated using the same soil fine particle separation device. 

Figure 1. Sampling points profile of Jiaojia gold mine. 1—quaternary clayey coarse sand and fine
sand; 2—biotite monzogranite; 3—medium-fine-grained gabbro; 4—pyrite sericite granite; 5—pyrite
sericite cataclastic granite; 6—fault; 7—ore body; 8—sampling point.

3. Samples and Methods
3.1. Sample Collection and Pretreatment

This research mainly collects and analyzes the ores, upper fault muds, and soils of
the Jiaojia gold deposit in Shandong Province. The samples include two concealed ore
body samples (R01, R02), two fault mud samples above the concealed ore body (FS01,
FS02), two surface soil samples above the concealed ore body (S506, S507), and two surface
soil samples around the concealed ore body (S508, S509). The collected soil samples were
dried at 80 ◦C for 1 h, and sieved to ≤76 µm under the crusher. About 100 g of the fault
muds were then dispersed using an electromagnetic vibrating micrometer shaker, which
was connected to a concentrator and an air extractor (soil fine particle separation device)
(Figure 2). The concentrator contains a 0.45 µm microporous filter membrane and six
carbon-coated aluminum TEM (transmission microscope) grid slots, which are used to
collect the oscillated nanoparticles. The shaker was turned on for 3 min to adsorb the
appropriate amounts of nanoparticles on the aluminum grid, and then the six carbon-
coated aluminum TEM (transmission microscope) grids in the concentrator were removed
using tweezers and placed in a box for analysis. For the treatment of the fault mud and ore
samples, the samples were ground to ≤76 µm using a ceramic grinder and the nanoparticles
were separated using the same soil fine particle separation device.
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3.2. TEM Observation

After the pretreatment, the samples to be tested were sent to the Beijing Physical and
Chemical Analysis Center to analyze the TEM grid by transmission electron microscopy to
observe the particle characteristics (such as size, shape, and composition) of the enriched
nanoparticles. The transmission electron microscope (TEM) used for detection has a spot
resolution of 0.20 nm, a lattice resolution of 0.1 nm, and a STEM-HAADF resolution
of 0.17 nm, of which the minimum spot diameter is 0.8 nm. The transmission electron
microscope is equipped with an X-ray energy dispersive spectrometer (EDS) with an
accelerating voltage of 300 kV, and the samples observed under the microscope obtained in
this study were all carried out in this environment. In the study, the composition of the
particles was determined using EDS in the absence of reference substances; therefore, we
cannot report the exact mass percentage of each chemical composition. When observing,
we set the spot radius to <0.2 µm. The relative content of a specific element or component in
the particle is expressed in mass percent. Two points were selected to study the background
composition of the Al grid. The results show that the aluminum mesh is mainly composed
of C, O, Al, and Si. One contains C (94.21%), O (3.55%), Al (1.61%), and Si (0.63%); the other
contains C (92.68%), O (3.76%), Al (2.85%), and Si (0.71%) [18].

3.3. Chemical Analysis

The samples of soil, fault mud, and ore were sent to China University of Geosciences
(Wuhan) for trace elements analysis. Inductively coupled plasma mass spectrometry (ICP-
MS) was used for the determination of V, Co, Ni, Nb, Ti, Th, U, La, Y, Cu, Pb, Zn, Zr, Mn,
Li, Ba, W, Ag, and Au concentrations. Atomic absorption spectrometry (AAS) was used to
obtain the Cr and Ag concentrations (Table 1).

Table 1. Analytical detection limits of elements.

Elements V Cr Co Ni Nb Ti Th U La Y

Detection limit 2.0 3.0 0.2 1.0 0.01 3.0 0.8 0.003 0.01 0.01

Elements Cu Pb Zn Zr Au Ag Mn Li Ba W

Detection limit 0.2 59 2.0 0.05 0.1 3.0 0.5 1.0 0.5 0.05

Note: Unit is µg/g except Au in ng/g.

4. Results and Discussion
4.1. Metal Particles Observed Using TEM

Complex micro-/nanoscale metal particles composed of Au, Cu, and other elements
were observed in carriers (Al grids), which captured particles from soils, fault muds, and
ores above the ore body, as shown in Figure 3. Nanoscale Au particles were found in the
near-ore surface soils above the deposit (Figure 3a,b), the fault muds (Figure 3e,f), and the
ores (Figure 3g,h), but nanoscale Au particles were not found in the near-ore surface soils
above the background area (Figure 3c,d).

The characteristics of the particles in soils, fault muds, and ores are as follows: (1) the
radii of metal particles are mainly in the order of several hundred or several tens of nm, with
some several nm in size; (2) single metal particles are always ellipsoidal or polygonal, and
may form clusters or aggregates (Figure 3e–h); (3) the EDS analysis shows that the metal
particles are composed of metal complexes with Au, Cu–Co–Fe, Cu, and Fe–Co. Particles
collected from background areas mainly contain Fe, Mn, Zn, Al, and Cu (Figure 3c,d). No
Au- or Ag-bearing particles were observed in the background samples.
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Figure 3. Schematic diagram of the migration model of the metal-bearing nanoparticles. (a,b)—the TEM image of Au particles and the energy spectrum of the soils
S506, S507 above the ore body; (c,d)—the TEM image and the energy spectrum of the soil samples S508, S509 away from the ore body; (e,f)—the TEM image of Au
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4.2. Elemental Composition

The concentrations of trace elements of the samples are listed in Table 2. The average
concentration of Au in soils above the concealed ore body (S506, S507) was 74.8 ppm;
relative to Chinese soil, the enrichment coefficient of S506 is 28.6 and S507 is 84.7; the overall
enrichment coefficient of the two samples is 56.6 (Figure 3i). The average concentration
of Au in soils around the concealed ore body (S508, S509) was 1.86 ppm; the enrichment
coefficient of S508 and S509 is 1.4; the overall enrichment coefficient of the two samples
is 1.4 (Figure 3i). The average concentration of Au in fault muds is 227.61 ppm; the
enrichment coefficient of FS01 is 78 and FS02 is 267; the overall enrichment coefficient of
the two samples is 172 (Figure 3i). The average concentration of Au in ores is 224.34 ppm;
the enrichment coefficient of R01 is 324 and R02 is 15.7; the overall enrichment coefficient
of the two samples is 170 (Figure 3i).

Table 2. Trace element in surface soils, fault muds, and ores.

Element S508 S509 S506 S507 FS01 FS02 R01 R02
Chinese Soil

Samples Type Soil Outside Orebody Soil Above Orebody Fault Mud Ore

Co 12.61 11.59 12.7 15.4 3.76 2.29 23.9 20.7 12.1
Ni 15.1 14.7 15.7 16.8 2.16 0.3 15.8 64.5 25
Cu 22.2 29.2 51.2 29.4 69.5 50.9 7.1 22.4 22
Zn 64.81 67.38 121.2 69.15 256 161 106 129 70
Mn 615 661 707 717 156 82 1620 3979 670
Cr 75.8 66.5 72.9 81.5 18.3 13.1 180 166 59
V 85.2 84.8 87.0 105.7 18.2 14.1 220 132 80
Ti 5019 5223 5029 5173 1351 1199 7925 3697 4105
Li 31.5 27.7 31.3 32.1 43.8 20.7 18.3 79.6 32
Zr 447 502 417 516 136 135 228.1 139.6 270
Ba 827 830 799 837 214 193 210 121 490
Pb 35.3 50.1 58.3 34.2 443 289 16.2 20.2 24
W 1.84 1.95 1.91 1.89 9.63 8.98 4.68 7.23 1.8
Th 7.37 7.8 7.21 7.81 3.82 2.99 16.4 8.7 11.9
U 1.94 2.07 2.17 2.21 1.52 1.23 3.35 4.73 2.45
Y 27.2 29.6 30.8 27.8 9.02 8.58 29.7 26.7 25
La 42.1 45.0 37.6 40.9 30.1 23.4 205 32 39
Nb 15.4 15.0 15.1 14.6 10.4 9.1 11.9 7.6 16
Au 1.9 1.8 37.8 111.8 103 352 428 20.7 1.32
Ag 63.8 261.1 97.7 166.5 359 402 1044 3027 77

Note: unit in µg/g.

Moreover, the average concentrations of Au were significantly higher than those
reported for soil from China by Chi et al. (2007) [34], and other elements, such as W, Pb,
Zn, and Cu are not significantly enriched in this area. At the same time, the enrichment
coefficient of the ore-forming element Au decreases from ores to fault muds to soils.

4.3. Geochemical Lithogene (LG03)

The geochemical gene is a new technique presented in recent years [19]. Although
the term “gene” has been adopted in geochemistry from biology for two decades by
Xuejin Xie and Xueqiu Wang [21,24,34,35] who proposed that the element is the gene of
the earth and the geochemical map is the gene map of the earth surface, and another
term related to genes is the “gene profile curve of geochemical elements” presented by
Zhang et al. (2015, 2016) [22,23] in geochemistry which is like the REE pattern or spider
diagram without gene properties [20,24], the above two studies do not have the essential
connotation of genes, such as codes, heredity, inheritance, variability, similarity, and other
characteristics, only the geochemical characteristics of elements. Therefore, it can be
regarded as the germination and gestation stage of the geochemical gene. Geochemical
genes with these characteristics have just been proposed only recently [24,25,28].
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This technique combines the concept of biological gene with geochemistry, and pro-
poses a complete geochemical gene construction process, including gene sequence, gene
coding, and gene similarity calculation methods. Gong et al. (2020) proposed that the
acidic similarities of genes can be used to classify the composition of rocks, soils, and
stream sediment samples according to the characteristics of lithogenes [26]. In recent years,
with the development of lithogenes, great achievements have been made in composition
classification and provenance tracing [20,23,27,32,36–39].

According to the construction steps of a geochemical gene, Li et al. (2021) proposed
a new lithogene labelled LG03 [27]. The gene eliminates the influence of the addition
of aeolian sand, organisms, and other media on lithology determination, and is feasible
in discussing component classification and provenance tracing. Gene coding and acidic
similarities of soils, fault muds, and ores using LG03 lithogene calculate the following
(Table 3):

Table 3. Gene similarities of 8 samples with different sampling points.

Sample S508 S509 S506 S507 FS01 FS02 R01 R02

LG03 11202020202 12202020202 11201020202 12201020202 10202020202 10202020211 12022001202 12120111200
LG03_RAcidic (%) 95 90 90 85 100 90 55 40

It can be seen from Table 3 that the acidic similarities of ores are 40–55, the fault
muds are 90–100, and the soils are 85–90 (Figure 3j). The proposed lithogene LG02 not
only gives a clear meaning to the gene, but also stipulates the division of gene similarity.
Yan et al. (2018) determined that the gene of acidic rock in China is 11012020211, the gene
of neutral rock in China is 11210002110, and the gene of basic rock in China is 10210102200.
According to the above gene similarity calculation method, the similarity to the other two
rocks of a rock is calculated, respectively. Compared with acidic rock, the genetic similarity
of neutral rock is 50%, and the genetic similarity of basic rock is 40%. Compared with
intermediate rocks, the genetic similarity of basic rocks is 80% [25]. This indicates that the
lithologic gene LG02 can significantly distinguish acidic rocks from the other two rocks.
However, for the two kinds of rocks, neutral rock and basic rock, their differentiation is
relatively low. In order to make up for the deficiency that the lithologic gene LG02 cannot
effectively distinguish basic rock from neutral rock, Gong et al. [26] proposed that the ideal
acidic rock in China (a virtual rock sample represented by the elemental abundance of
acidic rock in China compositionally) has the same gene code of 10202020202 on LG01 and
LG03, and the ideal basic rock in China also has the same gene code of 12020202020 on these
two lithogenes. The gene similarity of a sample relative to the ideal acidic rock is called the
sample’s acidic similarity and can be labeled as RAcidic. This also makes up for the fact that
the genetic code of the lithogene LG02 is not easy to remember when expressing lithology.
According to this definition, the RAcidic of the ideal acidic rock in China is 100%, while
the RAcidic of the ideal basic rock in China is 0%. Geological materials can be classified
into three groups: acidic-like composition with RAcidic ≥ 80% labeled 1, intermediate-like
composition with RAcidic between 75% and 25% labeled 2, and basic-like composition
with RAcidic ≤ 20% labeled 3. Therefore, according to the acidic similarities, the ores belong
to neutral components, and fault muds and soils belong to acidic components. Three types
of samples were clearly divided into two different components.

In summary, TEM observation and energy spectrum analysis showed that Au nanopar-
ticles were found in the ores, fault muds, and soils above the concealed ore body, but not
in the soils around the concealed ore body. At the same time, the element composition
also proves that Au is much higher in the soils above the concealed ore body than in the
soils around the concealed ore body. The LG03 lithogene shows that the ores are neutral
components, and the fault muds and soils are acidic components; their sources are different,
thus excluding the possibility that the soils above the concealed ore body are formed by ore
weathering. This also provides an explanation for the source of the high concentration of
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Au in the top soil of the ore, that is, by the migration of the bottom ore, which also provides
a basis for soil fine-grained prospecting (Figure 3).

5. Conclusions

(1) The nanoscale Au particles were found in ores, fault muds, and soils above the concealed
ore body, but not in the soils around the concealed ore body by TEM observation.

(2) The concentration of nanoscale Au particles in ores, fault muds, and soil above the
concealed ore body are much higher than that in Chinese soil and has a higher
enrichment coefficient. On the contrary, the concentration of nanoscale Au particles in
the soils around the concealed ore body are almost the same as that in Chinese soil.

(3) The LG03 lithogene divides the ores into neutral components, and fault muds and
soils into acidic components, which proved that they have different substrates. It
is proven that the high concentration of nanoscale Au particles in soils above the
concealed ore body migrate from ore to soil, which also provides a basis for soil
fine-grained prospecting.
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